Introduction {#sec1}
============

A quantitative understanding of drug uptake and diffusion within tissues is an important aspect of successful drug development. At the cellular and multicellular level, diffusion is the primary mechanism for drug movement into cells, avascular tissues, and tumors^[@ref1],[@ref2]^ However, diffusion is tightly controlled by biological barriers including the plasma membrane, transport proteins, vesicular systems, cell adhesion molecules, gap junctions, and cellular efflux pumps.^[@ref1]−[@ref3]^ The ability to cross these barriers *in vivo* is a key determinant of a drug's absorption, distribution, metabolism, excretion, and toxicity (ADME-Tox) and, ultimately, the success of the drug.^[@ref4]−[@ref7]^ From the route of administration to the site of action, a drug encounters barriers and transporters before reaching its target. The largest family of transporters is the ATP binding cassette (ABC) transporters, and P-glycoprotein (Pgp) is a member of this family.^[@ref7]−[@ref9]^ The Pgp transporter is localized to the plasma membrane of cells and is present in both normal and diseased tissues. Normally, Pgp helps to protect sensitive tissues from toxicity by facilitating efflux and preventing the intracellular accumulation of Pgp substrates.^[@ref8]−[@ref15]^ However, in diseased tissues and the cells of solid tumors, Pgp is sometimes upregulated, increasing resistance to anticancer chemotherapeutics.^[@ref10],[@ref11]^ Many drugs of various pharmacological classes are substrates and sometimes inhibitors of this pump.^[@ref8],[@ref9]^

Numerous inhibitors of Pgp have been identified, characterized *in vitro*, and evaluated in the clinic. Although effective *in vitro*, Pgp inhibitors have proven ineffective in the clinic, or have unexpected drug--drug interactions leading to increased toxicity.^[@ref16],[@ref17]^ There are three principal *in vitro* methods to characterize Pgp inhibitors: measurement of the efflux of radiolabeled compounds by a monolayer of cells, measurement of drug-stimulated ATPase activity of Pgp protein, and measurement of calcein-AM uptake by a monolayer of cells.^[@ref18]−[@ref21]^ Monolayers can measure inhibition of Pgp, but drug uptake and diffusion in these two-dimensional (2D) systems does not accurately replicate the complexity found in a 3D multicell layer environment. The diffusion distance for a drug into a monolayer is relatively short compared to *in vivo* tissues, and biological barriers are not adequately replicated. Current methods to quantify 3D uptake and diffusion in tissues are cumbersome and include the use of microelectrode sensors or radiolabeled molecules, and are not amenable to higher throughput analyses.^[@ref21]−[@ref25]^

In this paper, we have developed a new 3D multilayer spheroid model to quantitatively study uptake and diffusion. Using calcein-AM and its fluorescent derivative, calcein, along with wide field fluorescent images, we have calculated the uptake and diffusion of calcein into spheroids of a variety of different cell types. Accumulation of total spheroid calcein was decreased when spheroids overexpressed Pgp and was increased when spheroids were treated with known inhibitors of Pgp (verapamil, loperamide, and cyclosporin A). Inward diffusion of calcein was negligible in spheroids that lacked gap junctional intercellular communication (GJIC) and was reduced when spheroids were treated with a drug (carbenoxolone) known to block GJIC. We also found that two of the Pgp inhibitors (verapamil, loperamide) also inhibited inward diffusion of calcein, suggesting that they are also inhibitors of GJIC.

Experimental Section {#sec2}
====================

Design, Fabrication, and Casting of Micromolds {#sec2.1}
----------------------------------------------

Micromolds used to form hydrogels for forming spheroids were designed using computer design software (SolidWorks Corporation, Concord, MA).^[@ref26],[@ref27]^ Designs used for side-view microscopy contained a single row of 21 recesses with rounded bottoms, each recess 400 μm in diameter and 800 μm in depth. Wax molds were produced with a ThermoJet rapid prototyping machine (3D Systems Corporation, Valencia, CA). Polyacrylamide gels were cast from the wax molds. All chemicals were purchased from Sigma Aldrich (St. Louis, MO). A mixture of acrylamide/bis-acrylamide (29:1 ratio), ammonium persulfate (APS), 0.5 M Tris buffer (pH 6.8), and Dulbecco's modified Eagle's medium (DMEM) (Invitrogen, Carlsbad, CA) was degassed. *N*,*N*,*N*′,*N*′-Tetramethylethlyenediamine was added to initiate polymerization. The solution was pipetted into the wax mold and covered with a coverslip to create a flat bottom on the gel. After 10 min, the hydrogel was removed from the mold, washed several times with DMEM, and incubated overnight in DMEM.

Cell Culture and Spheroid Formation {#sec2.2}
-----------------------------------

KGN cells, a human granulosa cell line, were grown in DMEM.^[@ref28]^ OVCAR-3 and SK-OV-3 cells were grown in Roswell Park Memorial Institute medium (RPMI; Invitrogen). MCF-7 cells were kindly provided by Dr. Gottesman, NIH Bethesda, MD, and maintained in DMEM.^[@ref29]^ HEK control and HEK transfected cells were obtained from Dr. Robey, NIH Bethesda, MD, and cultured in EMEM.^[@ref30]^ Both media were supplemented with 10% fetal bovine serum (FBS) (Thermo Fisher Scientific, Waltham, MA) and 1% penicillin/streptomycin and grown at 37 °C and 10% CO~2~. Cells were trypsinized using 0.05% trypsin and resuspended to the desired cell concentration. Spheroids that were prestained were formed from cells incubated with 5 μM CellTracker Red CMPTX, CellTracker Green CMFDA, or CellTracker Blue CMAC (Invitrogen) in serum-free DMEM for 1 h prior to trypsinization. 75 μL of the cell suspension was pipetted into the seeding chamber of each gel. Cells were allowed to settle for 20 min, and 4 mL of medium was added. Cells self-assembled for 24 h to form spheroids before experimentation.

Microscopy {#sec2.3}
----------

Horizontal view microscopy was used to measure the height (*z*) of the spheroid from a Mitutouo FS-110 microscope altered to lie on its back. Samples were placed on a translational stage, and brightfield images were taken through the eyepiece using a Nikon Coolpix 900 camera. For standard, *x*--*y* view images, a Carl Zeiss Axio Observer Z1 equipped with an AxioCam MRm camera (Carl Zeiss MicroImaging, Thornwood, NY), an Xcite 120 XL mercury lamp (Exfo Life Sciences Division, Mississauga, Ontario), and an incubation chamber (37 °C, 10% CO~2~) was used to obtain brightfield, phase contrast, and epifluorescent images.

Image Analysis {#sec2.4}
--------------

Quantitative image analysis was performed using a custom MATLAB (Mathworks, Natick, MA) program. Briefly, fifty evenly spaced radii were drawn across each spheroid, and fluorescence at each pixel was averaged. Background fluorescence outside the spheroid was subtracted, taking into account that the fluorescence surrounding the spheroids decreased exponentially and was thus different for different points within the spheroid. Total spheroid fluorescence was determined by the integration of the fluorescent profiles (eq [2](#eq2){ref-type="disp-formula"}). To compare data across experiments, we normalized the spheroids to the fluorescence per depth of single cells at the final time point.

The height (*h*) at each point in the spheroid was calculated using the formula for an ellipse with half-width *a* and half-height *b*, such thatThe fluorescent intensity at each height was averaged over all spheroids stained with CellTracker dyes \[red (*n* = 52), green (*n* = 74), and blue (*n* = 60)\]. The total fluorescence at each point is the integrated fluorescence of all cells below it, expressed aswhere *C*(*x*,*z*) is the concentration of the fluorophore along the *y* = 0 plane, α is the emitted fluorescence per mole of fluorophore, and *p* is the resolution of one pixel (2 μm × 2 μm). The uniformly prestained spheroids have constant fluorophore concentration, *C*~0~. The integral in eq [2](#eq2){ref-type="disp-formula"} shows that the total fluorescence is linearly related to the height of the spheroid below each point:

Uptake of Calcein-AM and Diffusion of Calcein {#sec2.5}
---------------------------------------------

To measure uptake and inward diffusion of calcein, medium was removed from the hydrogels containing self-assembled spheroids (24 h) and replaced with serum-free DMEM containing 1 μM calcein-AM (Invitrogen). Fluorescent imaging of calcein began immediately, and images were taken at regular intervals over 135 min at 37 °C and 10% CO~2~. To measure loss of calcein, hydrogels containing spheroids that had been incubated with calcein-AM for 135 min, thus loading the spheroids with calcein, were rinsed with DMEM and incubated in DMEM without calcein-AM. Images were taken once per hour for 11 h, at 37 °C and 10% CO~2~.

Drug Treatment To Block P-Glycoprotein and Gap Junctions {#sec2.6}
--------------------------------------------------------

Stock solutions of verapamil monohydrochloride hydrate, loperamide hydrochloride, and cyclosporin A (Sigma) (5 μg/mL, 100 μM, and 25 μM, respectively) were used to make working solutions in serum-free DMEM. Hydrogels were equilibrated with a drug-containing medium overnight at 37 °C and 10% CO~2~, and spheroids were self-assembled for 24 h in their respective drug concentration. At these drug concentrations, self-assembly kinetics were unaltered. A working solution of carbenoxolone (CBX) (Sigma) was prepared by diluting appropriate volumes of a 10 mM stock solution into serum-free medium. Spheroids were assembled for 24 h and then pretreated with CBX for 5 h prior to adding calcein-AM for the uptake assay. Medium containing drug and calcein-AM were used for the uptake assay.

Statistical Analysis {#sec2.7}
--------------------

Two experimental groups were tested for significant variability between sample means using analysis of variance (ANOVA). If significant differences were established, we performed a Bonferroni *t*-test to determine significance.

Results {#sec3}
=======

Determining the Critical Height for Imaging Spheroids {#sec3.1}
-----------------------------------------------------

To quantify the distribution of fluorescent molecules in 3D spheroids using wide field fluorescence, we determined the limits to spheroid size (Figure [1](#fig1){ref-type="fig"}). Prestained (CellTracker dyes) monodispersed cells were seeded onto a micromolded nonadhesive hydrogel, whereon they self-assembled spheroids after 24 h. Using side view and conventional view microscopy, we obtained fluorescent images and *x*, *y*, *z* measurements of a size range of spheroids. Peak fluorescence intensity at the center or thickest location of the spheroid showed a linear relationship between spheroid height and fluorescence for all three fluorophores up to a critical spheroid height of 205 μm, implying that 100% of the emitted fluorescent light (red, blue, green) was captured. Subsequent studies used spheroids below this critical height. We also used a MATLAB algorithm to generate an average 2D radial profile of fluorescence intensity from fifty radial lines, and this average radial profile was parabolic, consistent with the predicted theoretical profile (eq [1](#eq1){ref-type="disp-formula"}).

![Experimental setup to form spheroids and capture wide field fluorescent images. Standard view (*x, y*) and side view (*z*) microscopy were used to obtain fluorescent images of spheroids self-assembled in a micromolded nonadhesive hydrogel (A). Uniformly labeled spheroids of varying sizes were formed from cells stained with CellTracker green, red, or blue dyes, and fluorescent images were taken 24 h after self-assembly. The height (*z* dimension) of spheroids of varying sizes that were uniformly labeled red (●), green (▲), or blue (■) was measured and plotted versus peak spheroid fluorescence at the position of maximum fluorescence, maximum cell density (spheroid center) (*F*~t~ (AU)) (B). Up to a critical height of 205 μm, there is a linear relationship between spheroid height and total fluorescence.](mp-2014-00002y_0001){#fig1}

Uptake and Diffusion by Multilayer Spheroids {#sec3.2}
--------------------------------------------

To measure uptake and diffusion, spheroids were incubated with calcein-AM (1 μM) and images of fluorescent calcein were taken every fifteen minutes for 135 min (Figure [2](#fig2){ref-type="fig"}). Calcein fluorescence in the entire spheroid increased rapidly over time and started to plateau after about 60 min. We used our MATLAB algorithm to generate an average 2D radial profile of fluorescence at each time point, and this time series also showed that total calcein fluorescence increased throughout the 135 min (area under curve). However, none of the 2D radial profiles attained the full parabolic curve seen with uniformly stained spheroids. Maximum calcein fluorescence was not in the center of the spheroid (point of greatest cell number), rather, it was located near the outer edge of the spheroid. This indicated that as uptake and inward diffusion occurred over time, the highest concentration of calcein was in the outer layer of the spheroid and calcein concentration decreased toward the spheroid core.

![Quantification of uptake and diffusion of fluorescent calcein in multicellular spheroids. Spheroids of KGN cells were incubated with 1 μM calcein-AM and time-lapse fluorescent images taken over 135 min (A). The total spheroid calcein, the 2D radial distribution of calcein, and the 3D radial distribution of calcein were calculated from the images (B, C). Schematic showing multiple cell layers of a spheroid connected by GJIC (D). Calcein-AM surrounding the spheroid is actively effluxed by Pgp, but some gains access to the cytoplasm where it is converted by esterases into fluorescent calcein that is trapped within the cell. Calcein can diffuse inward toward the spheroid core via GJIC connecting multiple cell layers.](mp-2014-00002y_0002){#fig2}

To deconvolve this fluorescent signal into an average 3D radial profile, the spheroid was estimated as a series of concentric spheres (multilayers). Each layer (shell) was 14 μm in width and contained a homogeneous concentration of fluorescent calcein (Figure [2](#fig2){ref-type="fig"}). The total fluorescence *f*(*i*) at the *X*~*i*~ layer is the sum of the fluorescence contribution from all shells at *X*~*i*~. Mathematically, we can write the total fluorescence asHere, *f*~norm~(*j*) is the fluorescence/height in the *i*th shell and *h*(*i*,*j*) is the height at point (*X*~*i*~,*Y*~*j*~). Note *h*(*i*,*i*) = 0 lies at the centerline of the spheroid. Hence, we determined *f*~norm~(*j*) by sequentially subtracting the fluorescence due to inner shells from the total fluorescence *f*(*i*) at *X*~*i*~. Equation [4](#eq4){ref-type="disp-formula"} results in the following iterative formula:This analysis was used to plot calcein concentration as a function of 3D radius. The core was taken as ≥14 μm from the center in the smallest dimension to ensure the core contained whole cells. Even at later time points, the concentration of calcein in the core did not reach the same concentration as the outer shell, indicative of cellular barriers to diffusion. As calcein-AM is taken up by the cells of the outer spheroid layer, some is pumped out by the action of Pgp and some is converted to fluorescent calcein by intercellular esterases. This intercellular calcein diffuses to the inner layers of the spheroid via GJIC. It is important to note that calcein-AM surrounds the spheroid and this spheroid (*r* = 100 μm) occupies a volume of 4 × 10^6^ μm^3^. In the absence of a spheroid and the barriers it creates, calcein-AM and calcein would complete their diffusion into this volume of medium (diffusivity = 260 and 500 μm^2^/s, respectively) within ∼*t* = *r*^2^/*D* ∼ 10--20 s. Thus, the spheroid is a complex barrier to calcein-AM and calcein diffusion.

To measure uptake and diffusion in spheroids of other cell types, we formed spheroids from HEK, MCF-7, OVCAR-3, and KGN cells, incubated them with calcein-AM, and measured calcein over time from fluorescent images (Figure [3](#fig3){ref-type="fig"}). From this time series, we computed total calcein fluorescence in the entire spheroid and the 2D and 3D radial profiles of calcein fluorescence. For all spheroids, total calcein accumulated rapidly over time and started to plateau after about 40--60 min. However, the 2D and 3D radial profiles of calcein fluorescence were significantly different depending on cell type. KGN, MCF-7, and HEK spheroids showed the greatest diffusion of calcein into the core, whereas OVCAR-3 spheroids showed little if any calcein fluorescence in the core with most of the calcein confined to the outer layer. Spheroids made with SK-OV-3 cells, another ovarian cancer cell line that lacks GJIC, had profiles similar to OVCAR-3 cells with little diffusion of calcein into the spheroid core (data not shown).^[@ref31]^

![Uptake and diffusion of fluorescent calcein in multicellular spheroids. Spheroids of KGN (A), MCF-7 (B), OVCAR-3 (C), and HEK (D) cells were incubated with 1 μM calcein-AM and time-lapse fluorescent images taken over 135 min. Total calcein fluorescence in the entire spheroid was quantified over time (*n* = 15--26). Regardless of cell type used to form the spheroids, total spheroid calcein accumulated rapidly over time and started to plateau after about 40--60 min. The 2D radial distribution of calcein within these spheroids at each time point was quantified, and the resulting 3D radial distribution of calcein within these spheroids at each time point was also calculated. The 2D and 3D radial profiles were significantly different depending on cell type. KGN, MCF-7, and HEK spheroids showed the greatest diffusion of calcein into the core, whereas OVCAR-3 spheroids lacking GJIC showed little if any diffusion of calcein into the core with most of the calcein confined to the outer layer of cells.](mp-2014-00002y_0003){#fig3}

To determine the effects of efflux pump overexpression, we performed the calcein assay with HEK-MDR cells transfected with Pgp, an efflux pump known to transport calcein-AM (Figure [4](#fig4){ref-type="fig"}). The rate of increase in total spheroid calcein fluorescence was significantly lower in spheroids of HEK-MDR cells versus parental HEK spheroids. In the presence of verapamil, an inhibitor of Pgp, total spheroid calcein fluorescence increased in untransfected cells which have some endogenous Pgp expression and increased significantly in HEK-MDR cells.

![Efflux pump overexpression inhibits calcein uptake. Spheroids of HEK cells or HEK-MDR cells transfected to overexpress Pgp were incubated with 1 μM calcein-AM and time-lapse fluorescent images taken over 135 min. Images at 135 min. Scale bar 100 μm. Total calcein fluorescence in the entire spheroid was quantified over time (*n* = 18). The rate of increase in total spheroid calcein was significantly lower in spheroids of HEK-MDR cells versus HEK spheroids. In the presence of verapamil (25 μM), an inhibitor of Pgp, total spheroid calcein fluorescence increased in untransfected cells that have some endogenous Pgp and increased significantly in HEK-MDR cells overexpressing Pgp.](mp-2014-00002y_0004){#fig4}

Multilayer Uptake and Diffusion in the Presence of Pgp and GJIC Inhibitors {#sec3.3}
--------------------------------------------------------------------------

To determine the effects of verapamil on the diffusion of calcein, we measured the radial distribution of calcein (Figure [5](#fig5){ref-type="fig"}). A time series of 2D radial profiles showed that total spheroid fluorescence increased with verapamil treatment, consistent with inhibition of Pgp. However, the shape of the 2D radial profiles of verapamil-treated samples was different from that of untreated controls. Fluorescence of the outer layer versus the core was increased, indicating more calcein in the outer layer of the drug-treated samples. Our 3D analysis showed that, in addition to increasing the total calcein in a spheroid, verapamil treatment altered the concentration gradient within the spheroid. Calcein concentration was increased in the outer layer, as would be expected by inhibition of the Pgp, but calcein concentration was not elevated in the core as a result of the increased levels in the outer layer. High levels of calcein in the outer layer should lead to increased levels in the core, but surprisingly, our 3D analysis showed that calcein levels in the core were higher in untreated samples than in those treated with verapamil.

![Verapamil increases total spheroid calcein, but decreases diffusion of calcein. KGN spheroids were incubated with 1 μM calcein-AM in the presence of verapamil (untreated, A, C; 25 μM, B, D), and images were taken every 11 min for 110 min. A time series of 2D radial profiles (A, B) shows that total fluorescence of all spheroids (*F*~t~ (AU)) increases with time. Verapamil treatment increases total spheroid fluorescence over untreated controls, but fluorescence is preferentially located in the outermost layer of cells. The quantitative 3D radial profiles of calcein concentration (\[Calcein\] (AU)) (C, D) reveal that although verapamil increases uptake in the outer layer over control (every time point), calcein concentration at the center of the spheroid does not increase.](mp-2014-00002y_0005){#fig5}

To determine if other inhibitors of Pgp had similar effects, we tested loperamide and cyclosporin A (Table [1](#tblI){ref-type="other"}). Total calcein in spheroids treated with loperamide (5 μM), cyclosporin A (25 μM), and verapamil (25 μM) was significantly increased compared to untreated controls, consistent with their activities as inhibitors of Pgp. Further, compared to untreated controls, levels of calcein were significantly increased in the outer shell of all drug treated spheroids.

                                       verapamil       loperamide   cyclosporin A                              
  ------------- ------------- -------- --------------- ------------ --------------- ---------- --------------- --------
  outer shell   0.40 ± 0.05   26 ± 2   1.12 ± 0.14\*   37 ± 4\*     0.98 ± 0.16\*   40 ± 4\*   1.33 ± 0.21\*   32 ± 5
  inner core    0.19 ± 0.05   13 ± 2   0.11 ± 0.03\*   3 ± 1\*      0.1 ± 0.4\*     4 ± 2\*    0.72 ± 0.16\*   17 ± 4
  total         1.72 ± 0.09            3.13 ± 0.23\*                2.41 ± 0.18\*              3.22 ± 0.19\*    

To determine if inward diffusion of calcein was altered by any of the Pgp inhibitors, we used our 3D analysis to determine what fraction (%) of the total calcein was located in the outer shell versus the inner core. In verapamil and loperamide treated samples, the percentage of calcein in the outer shell was increased compared to control, while the percentage of calcein in the core was decreased. After treatment with cyclosporin A, calcein concentration increased in all compartments, such that the percentage of calcein in the shell and core compartments was not significantly different from that in their respective compartments in untreated samples. This indicates that cyclosporin A did not alter inward diffusion of calcein.

Since diffusion of calcein requires GJIC, we tested the effects of CBX (CBX), an inhibitor of gap junctions.^[@ref32]^ As expected, CBX treatment decreased inward diffusion of calcein. After 135 min of uptake, only 0.5 ± 2% of the total calcein was located in the core of spheroids treated with CBX (100 μM) versus 15 ± 3% in untreated spheroids (*n* = 18). Likewise, the fraction of calcein in the outer shell of CBX treated spheroids was increased versus untreated controls (52 ± 4% versus 27 ± 3%). In addition to altering inward diffusion of calcein, surprisingly, we found that CBX treatment increased the total amount of calcein fluorescence in the entire spheroid. After 135 min, total calcein in CBX treated spheroids was increased 2.3 ± 0.4 fold versus untreated spheroids, suggesting that, in addition to being an inhibitor of GJIC, CBX also inhibits Pgp.

Since verapamil and CBX inhibited both Pgp and GJIC, we did a dose response to compare their potencies (Figure [6](#fig6){ref-type="fig"}). Spheroids were incubated with calcein-AM in the presence of varying doses of verapamil or CBX and fluorescent images obtained after 75 min. The 3D radial profiles revealed that increasing concentrations of verapamil and CBX both resulted in increased calcein uptake (area under curve), but that calcein was more localized to the outer shell with CBX treatment (shape of curve). To determine the dose response with respect to inhibition of Pgp, we plotted total spheroid calcein (*n* = 15) as a function of drug concentration. For verapamil, half-maximal response was 8.5 μM, whereas for CBX, half-maximal response was 81 μM. There was a linear dose response for CBX versus verapamil which rose rapidly and reached a plateau.

![Dose responses of verapamil and CBX inhibition of Pgp and GJIC. KGN spheroids were incubated with1 μM calcein-AM in the presence of varying doses of verapamil (A, C, E) or CBX (B, D, F) and fluorescent images obtained after 75 min. The 3D radial profiles of drug treated spheroids (A, B) revealed that increasing concentrations of verapamil and CBX both resulted in increased calcein uptake, but that calcein was more localized to the outer shell with CBX treatment. To determine dose response with respect to inhibition of Pgp (C, D) total calcein uptake by spheroids (*n* = 15) as a function of drug concentration is plotted. To aid comparison, data is normalized to the highest point. For verapamil, half-maximal response was 8.5 μM, whereas for CBX, half-maximal response was 81 μM. To determine the dose response for GJIC inhibition (E, F), the drug's ability to increase the fraction of calcein compartmentalized to the outer shell was calculated. If the fraction of calcein was the same as that in the untreated control, this was zero percent inhibition. If all calcein was confined to the outer shell, this was 100% inhibition. For verapamil, half-maximal response was 8.6 μM, similar to the concentration that elicited half-maximal inhibition of Pgp. For CBX, half-maximal response for inhibition of GJIC was 9.4 μM, significantly lower than the concentration that elicited half-maximal inhibition of Pgp. When comparing the maximal responses, CBX inhibited GJIC to a greater extent than verapamil.](mp-2014-00002y_0006){#fig6}

We used the same data to determine the dose response with respect to inhibition of GJIC by calculating a drug's ability to increase the fraction of calcein compartmentalized to the outer shell. For verapamil, half-maximal response with respect to GJIC inhibition was 8.6 μM, similar to the concentration that elicited half-maximal inhibition of Pgp. For CBX, half-maximal response for GJIC inhibition was 9.4 μM, significantly lower than the concentration that elicited half-maximal inhibition of Pgp.

To rule out the possibility that verapamil's inhibition of GJIC might be mediated by verapamil's calcium channel-blocking activity and mediated via a change in intracellular calcium, we tested nitrendipine, a highly specific calcium channel blocker. Nitrendipine had no effect on calcein compartmentalization (data not shown).

To determine if CBX might be increasing total spheroid calcein by slowing the loss of calcein rather than by inhibiting Pgp, we measured the kinetics of calcein loss (Figure [7](#fig7){ref-type="fig"}). Spheroids with and without CBX treatment were incubated with calcein-AM for 135 min. Medium with calcein-AM was then removed and replaced with fresh medium, and fluorescent images were taken for 20 h to quantify the rate of calcein loss. Calcein fluorescence decreased at the same initial rate for control and CBX treated spheroids with half-lives of 5.3 and 5.9 h respectively.

![CBX does not increase total spheroid calcein by slowing calcein loss. KGN spheroids with and without CBX treatment were incubated with 1 μM calcein-AM for 135 min. Calcein-AM was then removed and replaced with drug-free medium. Images were taken once per hour for 20 h to determine the rate of calcein loss, and data was normalized to the initial fluorescence. Loss from the entire spheroid was measured by the total spheroid fluorescence and decreased at the same initial rate for control and CBX treated spheroids.](mp-2014-00002y_0007){#fig7}

Discussion {#sec4}
==========

Drug uptake, transport, diffusion, and elimination from tissues are important properties governing the efficacy and potential toxicity of drugs and drug candidates. Efflux transporters, such as Pgp, are well-known regulators of drug bioavailability, and their modulation, either intentionally via inhibitors or unintentionally via the side effects of certain drugs, can have profound pharmacological effects.^[@ref4]−[@ref7]^ Some efflux transporters can be upregulated by solid tumors causing multidrug resistance, so there is an active interest to identify more effective inhibitors for use in chemotherapy.^[@ref10],[@ref11]^ Thus, there is a need for new *in vitro* models to predict drug toxicity and unwanted drug--drug interactions and a need for models to discover new and more effective inhibitors of efflux transporters associated with multidrug resistance. Although monolayers of cells have been useful for defining some of these transport parameters and have been used to identify inhibitors of efflux pumps, such as Pgp,^[@ref11],[@ref18],[@ref21]^ there is growing recognition that 2D cell culture may not adequately replicate the biological complexities of the 3D *in vivo* environment.

3D models have been used to investigate transport properties, molecular gradients, and cellular gradients, but often these methods require complex experimental and analytical procedures such as two-photon microscopy,^[@ref33]^ radiolabeled probes,^[@ref23]^ tissue sectioning,^[@ref24]^ or mathematical models.^[@ref34]^ The method described here readily lends itself to quantitative uptake and diffusion studies. Spheroids are uniform in size, and spheroid geometry is well-defined because, in addition to measurements of the *x*, *y* dimensions, the *z* dimension is measured. Spheroids are surrounded by cell culture medium; thus uptake occurs uniformly around the entire surface area. Spheroids are all formed on the same optical plane, making it easy to obtain a time series of fluorescent images from which data on kinetics can be obtained. Precise measurements of a spheroid's geometry and its radial symmetry allowed us to develop an algorithm to calculate the radial distribution of a fluorescent molecule from wide field fluorescent images.

In this paper, we've used this model to quantify both the uptake and diffusion of fluorescent calcein. Calcein-AM, the nonfluorescent precursor of calcein, is a substrate of the Pgp efflux pump, and fluorescent calcein diffuses into the spheroid via GJIC connecting cell layers.^[@ref35]^ We measured total calcein fluorescence in the entire spheroid, and we measured the diffusion of calcein into the spheroid. Spheroids formed from a variety of cell lines all accumulated fluorescent calcein with time, but they differed with regard to their rate of calcein accumulation. When compared to untransfected control HEK spheroids, the rate of calcein accumulation was low in transfected HEK-MDR spheroids overexpressing Pgp. This reduced rate could be reversed by the addition of verapamil, an inhibitor of Pgp. Likewise, when other inhibitors of Pgp were tested (loperamide and cyclosporin A), the rate of accumulation of total spheroid calcein was increased. Although all spheroids accumulated calcein, they differed with regard to how much calcein diffused into the core of the spheroid. Calcein failed to diffuse into spheroids of cells that lack GJIC such as OVCAR-3 and SK-OV-3.^[@ref31]^ Likewise, when spheroids were treated with CBX, a well-known inhibitor of GJIC,^[@ref32],[@ref35]^ calcein diffusion was also inhibited.

By quantifying both total spheroid calcein and the diffusion of calcein into the spheroid, we observed previously uncharacterized activities of some of the drugs we tested. For example, verapamil, loperamide, and cyclosporin A are all well-known inhibitors of Pgp, and all three increased total calcein in the spheroid. However, quantification of calcein diffusion into the spheroid showed that verapamil and loperamide inhibited diffusion, whereas cyclosporin A did not: calcein diffusion was the same as in untreated controls. These results suggest that verapamil and loperamide also inhibit GJIC, an activity and novel finding not previously reported for these drugs.

Another unexpected activity that was found because we quantified both total spheroid calcein and calcein diffusion was CBX's inhibition of Pgp. As expected, CBX inhibited calcein diffusion by blocking GJIC; however, CBX also increased total spheroid calcein, consistent with inhibiting Pgp. We ruled out the possibility that CBX mediated its effects by decreasing the loss of total spheroid calcein. When we used both assays to compare the dose responses of verapamil and CBX, we found that while both drugs inhibited Pgp and GJIC, verapamil was more potent at inhibiting Pgp, whereas CBX was more potent and more effective at inhibiting GJIC. Verapamil is a competitive inhibitor of Pgp,^[@ref8],[@ref9]^ and interestingly, the dose response curves of verapamil's inhibition of Pgp and GJIC were very similar. The same dose (8 μM) elicited half-maximal response for both activities. All transporters on KGN spheroids have not been fully characterized, nor have we determined if Pgp expression is in any way polarized in KGN spheroids. In addition to Pgp, calcein-AM is a substrate for MRPs/Mrps and calcein is a substrate for MRP. Endogenous levels of these other transporters could affect the level and distribution of calcein in the KGN spheroids as well as the response to various inhibitors. Doses of inhibitors were chosen with Pgp in mind. To help rule out the possibility that diffusion of Pgp inhibitors into the spheroids might be limiting, we exposed our monodispersed cells continuously to verapamil, loperamide, and cyclosporin A while they were self-assembling spheroids and when the spheroids were tested for uptake. We were unable to expose monodispersed cells to CBX because, as we have shown previously, CBX's action on connexons disrupts self-assembly.^[@ref36]^

Verapamil, loperamide, and cyclosporin A are well-known inhibitors of Pgp, but they are used clinically for other purposes at significantly lower doses. Verapamil blocks voltage-dependent calcium channels and is used to treat hypertension.^[@ref37]^ When tested for the treatment of multidrug resistance, low doses were ineffective and high doses caused cardiotoxicity.^[@ref17],[@ref38],[@ref39]^ Interestingly, the KGN cells we tested express connexon 43, the same connexon expressed by cardiomyocytes.^[@ref40]^ Loperamide is an opioid-receptor agonist whose primary use is the treatment of diarrhea, but it can also affect calcium levels and is a substrate for and an inhibitor of Pgp.^[@ref18]^ Cyclosporin A, an immunosuppressant used to prevent graft rejection, had the most success with multidrug resistance of retinoblastoma.^[@ref41],[@ref42]^ However, its immunosuppressant activity precluded further use and its nonimmunosuppressant derivative has had little success in the clinic.^[@ref43]^

The 3D model described here can easily be extended to other cell types. We and others have shown that numerous cell types including primary human cells will self-assemble 3D spheroids including cardiomyocytes in this system.^[@ref44]^ Moreover, mixtures of two different cell types often self-sort during self-assembly with one cell type forming the inner core and the other cell type forming the outer coating of the spheroid. These layered spheroids may be useful for replicating heterotypic cell interactions seen in more physiologic barriers to drug uptake. Lastly, 3D models may be useful for discovering new more effective inhibitors of efflux transporters responsible for multidrug resistance and helpful in the early identification of possible side effects and drug--drug interactions of drug candidates.

Conclusion {#sec5}
==========

Multicellular spheroids more accurately replicate *in vivo* barriers to drug uptake and diffusion than 2D monolayers of cells. The quantitative model described here measures uptake and diffusion of calcein through multiple cell layers of a 3D spheroid and assesses the activities of both Pgp and GJIC with respect to efflux of calcein-AM and diffusion of calcein. The model has uncovered previously unknown effects of some drugs, is amenable to many different cell types, and may be useful for the assessment of drug toxicity as well as a model for drug discovery.
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ABC

:   ATP binding cassette

ADME-Tox

:   absorption, distribution, metabolism, excretion, and toxicity

CBX

:   carbenoxolone

DMEM

:   Dulbecco's modified Eagle's medium

FBS

:   fetal bovine serum

GJIC

:   gap junctional intercellular communication

Pgp

:   P-glycoprotein

RPMI

:   Roswell Park Memorial Institute medium
